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A B S T R A C T

The objective of this study was to investigate the evolution of antibiotic resistance phenotypes, antibiotic re-
sistance genes (ARGs) and Class 1 integron of Salmonella in municipal wastewater treatment plants (WWTPs). A
total of 221 Salmonella strains were isolated from different stages of three WWTPs. After the susceptibility
testing, high frequency of resistance was observed for tetracycline (TET, 47.5% of isolates) and sulfamethoxazole
(SMZ, 38.5%), followed by ampicillin (AMP, 25.3%), streptomycin (STP, 17.6%), chloramphenicol (CHL,
15.4%), and gentamicin (GEN, 11.3%). Low prevalence of resistance was detected for norfloxacin (0.45%),
ciprofloxacin (0.9%), and cefotaxime (0.9%). The tetA and sul3 genes were most frequently detected among the
Salmonella isolates. Statistically significant correlations among AMP, CHL, GEN, and STP resistances were ob-
served. High detection frequencies of Class 1 integron were observed in double antibiotic-resistant and multiple-
antibiotic-resistant (MAR) Salmonella, which were 94.3% and 85.7%, respectively. The proliferation of MAR
Salmonella and transfer of ARGs occurred in WWTPs. Class 1 integron plays a crucial role in the evolution of MAR
Salmonella during WWTPs.

1. Introduction

In water environments, a global public health problem is caused by
pathogens involving in waterborne disease outbreaks. Wastewater is a
known vehicle contributing to transport and spread of waterborne
diseases (Figueira et al., 2011). Salmonella, a large group Gram-negative
bacillus, are considered as predominant pathogenic bacteria in waste-
water (Yan et al., 2018). Most of Salmonella species are pathogenic to
humans and can cause serious health problems including gastro-
enteritis, diarrhea, and typhoid fever (Ribeiro et al., 2011). Outbreak of
Salmonella infections have been reported globally, especially in low-
income countries, and results in 130,000 deaths each year (Murphy
et al., 2017). Infections of Salmonella are associated with contaminated
environmental waters via a fecal-oral route. They are excreted in

human and animal feces, and collected into WWTPs with wastewater,
and released into receiving waters by effluent discharge. This global
public health problem can be further aggravated when Salmonella ac-
quire antibiotic resistance, leading to an increase in morbidity and
mortality of disease. Infection of MAR pathogens, or ‘superbugs’, can be
an inevitable disaster. Salmonella has evolved the ability to become
resistant to multiple antibiotics (Masarikova et al., 2016; Mhongole
et al., 2017). The presence of MAR Salmonella has become an emerging
challenge to treatment of infectious.

Antibiotics abused in growth promotion of livestock and treating
infections has become a chronic selective pressure for pathogens in
development and dissemination of antibiotic resistance (Ben et al.,
2019). Antibiotic resistant bacteria (ARB) and antibiotic resistance
genes (ARGs) as emerging contaminants have been widely detected in
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aquatic environments (Ben et al., 2019). The WWTPs, an important
node of urban water cycle, have been considered as reservoirs of anti-
biotics, ARB and ARGs from hospital, veterinary and agriculture (Ben
et al., 2019; Soda et al., 2008). Although wastewater treatment pro-
cesses could effectively reduce the total concentration of microorgan-
isms by predation, sorption, sediment and inactivation. However, due
to large cardinal number of microorganisms in raw wastewater, a
considerable number of pathogens may not be eliminated and still
survive in final effluents (Hendricks and Pool, 2012; Howard et al.,
2004). In fact, WWTPs effluents could be a major source which con-
tributes ARB and ARGs to receiving waters and natural ecosystems
(Rizzo et al., 2013; Rodriguez-Mozaz et al., 2015). WWTPs have an
ideal ecosystem including high concentrations and high-activity of
bacteria, rich nutrients, and sub-inhibitory concentrations of antibiotics
and metals. These conditions may drive the selective growth of ARB and
transfer of ARGs, enhancing public health hazards (Ben et al., 2019;
Soda et al., 2008). Hence, occurrence and characteristics of Salmonella
in WWTPs are of particular importance. Not only virulence, but also
antibiotic resistance of Salmonella in WWTPs should be given enough
attention.

Bacterial resistances to antibiotic are generally controlled by ARGs.
Tetracycline resistance genes (tetA, tetB, tetC, tetD, tetE, tetG, tetL, tetX,
tetM, tetO, tetQ, and tetW) have been frequently detected in WWTPs,
which involve in three specific mechanisms: efflux pumps, enzymatic
inactivation of antibiotics, or ribosomal protection proteins (Li et al.,
2015). The sulfonamide resistance genes (sul1, sul2, and sul3) encoding
dihydropteroate synthase are also commonly observed (Pei et al.,
2006). The ARGs can be transferred among various taxonomic bacteria
by means of mobile genetic elements including transposons and plas-
mids (González-Plaza et al., 2019). Integrons as well-known genetic
engineering platforms are usually linked to transposons and plasmids,
which are able to capture and integrate exogenous ARGs and convert
them to functional genes (Carattol, 2003). Integrons can be divided into
three categories: Class 1, Class 2, and Class 3 integron, among which
Class 1 integron is the most common (Goldstein et al., 2001; Yang et al.,
2014). Integrons consist of a 5′-conserved segment (5′-CS), a 3′-con-
served segment (3′-CS), and an insertion site of ARGs cassettes located
between 5′-CS and 3′-CS (Mazel, 2004). A recombination mechanism of
exogenous ARGs occurred at the insertion site. High loads of ARGs and
integrons have been observed in effluent after wastewater treatment (Di
Cesare et al., 2016; Rizzo et al., 2013). Integrons have been recently
proposed to play an important role in horizontal transfer of ARGs.
Unfortunately, little is known about the development of ARGs and in-
tegrons to pathogens such as Salmonella during wastewater treatment
processes.

In this study, Salmonella strains were isolated from different stages
of WWTPs located in the northwest of China. Their resistance pheno-
types, ARGs and Class 1 integron were investigated, aiming towards
understanding the evolution of antibiotic resistance in WWTPs.

2. Material and methods

2.1. Sample collection

Water samples were collected from three municipal wastewater
treatment plants (WWTP-A, WWTP-B and WWTP-C) located in Xi'an
city, China between March and May 2013 (Fig. S1). WWTP-A located at
longitude 108.913156 and latitude 34.365137, WWTP-B located at
longitude 108.850255 and latitude 34.250463, WWTP-C located at
longitude 109.009344 and latitude 34.375291. The three WWTPs ap-
plied anaerobic/anoxic/oxic (AAO) technology, and treatment capacity
is 16× 104m3/d, 25×104m3/d and 40×104m3/d, respectively. In
each WWTP, the water samples were taken from different stages in-
cluding raw influent, aerobic grit chamber, anaerobic tank, aeration
tank, secondary effluent, and effluent after chlorination (Fig. S1). For
each sampling site, 1 L of water sample was collected in sterile

containers, and transported to the laboratory within 4 h on ice for im-
mediate processing.

2.2. Isolation and identification of Salmonella isolates

Wastewater samples were filtered through a mixed cellulose ester
membrane with pore size of 0.45 μm. The membranes were then placed
in 10mL Buffered Peptone Water (BPW) and incubated at 37 °C for 24 h
to pre-enrich strains. 1 mL of pre-enrichment products was then further
cultured in 100mL Rappaport-Vassiliadis (RV) Broth at 42 °C for 24 h. A
loopful of enrichment cultures was plated onto Xylose Lysine
Desoxycholate (XLD) Agar plates (Fig. S2). After incubation for 24 h,
black colonies regarded as presumptive Salmonella strains were selected
from the XLD agar plates and incubated in Luria-Bertani (LB) medium
at 37 °C for 16 h, then kept in 4 °C for further investigation.

By means of the modification to the boiling method (Naas et al.,
2007), genomic DNA was extracted. For each presumptive Salmonella
strain, 10 μL LB cultures were suspended in 100 μL distilled water and
heated at 100 °C for 10min, followed by cooling on ice. The suspension
was centrifuged at 14000 rpm for 10min. After centrifugation, the su-
pernatant was stored as DNA template at −20 °C until use. The Sal-
monella strain was examined and identified by using PCR with invA
primers (Table S1). Each PCR reaction mixture consisted of 2 μL of DNA
template, 0.15 μL of rTaq polymerase (Takara, Japan), 2.5 μL of
10× PCR Buffer, 2 μL of dNTP Mixture, and 400 nmol/L of each PCR
primer. All mixed with double distilled water (ddH2O) to a total volume
of 25 μL. The PCR amplification was carried out in Veriti™ thermal
cycler (Applied Biosystems, USA) as follows: initial denaturation at
95 °C for 8min; 35 cycles of 95 °C for 30 s, 65 °C for 30 s, 72 °C for 30 s;
and a final extension 72 °C for 4min. A negative control (ddH2O instead
of the DNA template) was included in each PCR process. The PCR
products were electrophoresed in 2% (w/v) agarose gels, stained with
DuRed Nucleic Acid stain (Fanbo Biochemicals Co., Beijing, China), and
visualized by UV illumination (Alpha Innotech, USA).

2.3. Antibiotic susceptibility testing

Antibiotic susceptibility of each Salmonella strain was determined
by the Kirby-Bauer disk diffusion method (Fig. S3). Nine antibiotic discs
(Beijing Tiantan Pharmaceutical and Biological Technology Develop-
ment Co., Beijing, China) were analyzed: tetracycline (TET, 30 μg),
sulfamethoxazole (SMZ, 300 μg), ampicillin (AMP, 10 μg), cefotaxime
(CTX, 30 μg), gentamycin (GEN, 10 μg), streptomycin (STP, 10 μg),
chloramphenicol (CHL, 30 μg), ciprofloxacin (CIP, 5 μg), and nor-
floxacin (NOR, 10 μg). Briefly, bacterial concentration was adjusted to a
0.5 McFarland standard using 0.9% (w/v) NaCl. Mueller Hinton agar
(Luqiao Co., Beijing, China) plates were then inoculated with 100 μL of
the bacterial solution. Two-three antibiotic discs were placed on an
inoculated agar plate. After incubation at 35 °C for 18 h, the inhibition
zone diameter around each antibiotic disc was measured. According to
the antibacterial drug sensitivity test standards (Cockerill et al., 2013),
the tested strains were recorded as susceptible (S), intermediate (I), or
resistant (R) to each antibiotic, respectively. Escherichia coli ATCC
25922 was used as a quality control strain in antibiotic susceptibility
testing.

2.4. Detection of ARGs and Class 1 integron

A total of 108 TET-resistant and SMZ-resistant Salmonella isolates
from all stages of the three WWTPs were subjected to ARGs detection.
Two types of tetracycline genes (tetA and tetB) and three types of sul-
fonamide genes (sul1, sul2, and sul3) were detected in related antibiotic
resistant isolates by PCR methods, respectively.

For the 113 isolates of Salmonella from the influent, secondary ef-
fluent, and effluent after chlorination, Int1 gene and qacEΔ1-sul1 gene
related to Class 1 integron were detected using PCR methods. Int1 gene
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is related to 5′-CS regions of Class 1 integron encoding integrase.
qacEΔ1-sul1 gene is about 3′-CS regions of Class 1 integron encoding
resistance to quaternary ammonium compounds. The nucleotide se-
quences, amplicon sizes, and annealing temperatures of these primer
pairs for ARGs and Class 1 integron were listed in Table S1.

2.5. Statistical analysis

Graphs were constructed using Microsoft Excel 2010. Principal
component analysis (PCA, software package CANOCO version 4.5) with
the minimum distance method was used to analyze the cluster of an-
tibiotic resistance phenotypes. SPSS Statistics 20 software was applied
to perform statistical tests. Pearson Product Moment Correlation tests
were used to analyze the correlations between integrons and ARGs. The
correlations among different antibiotic resistances of Salmonella were
also analyzed. Results were considered statistically significant at a p
value below 0.05.

3. Results and discussion

3.1. Antibiotic resistance phenotypes of Salmonella isolates

A total number of 221 Salmonella strains were isolated from dif-
ferent treatment stages of three municipal wastewater treatment plants
(raw influent: n= 33, aerobic grit chamber: n= 31, anaerobic tank:
n=39, aeration tank: n=38, secondary effluent: n= 41, effluent after
chlorination: n=39). Surviving Salmonella after chlorination was re-
leased into receiving water body, contributing to a worrisome risk of
waterborne transmission. The results of antibiotic susceptibility testing
showed that 97 Salmonella isolates (43.9%) had no resistance to any of
the nine antibiotics, 28 isolates (12.7%) were resistant to single anti-
biotic, 55 isolates (24.0%) were resistant to two antibiotics, and 43
isolates (19.4%) were resistant to more than three antibiotics. Among
nine kinds of antibiotics, the highest frequency of resistance was 47.5%
(105/221) for TET, followed by 38.0% (84/221) for SMZ, 25.3% (56/
221) for AMP, 17.6% (39/221) for STP, 15.4% (34/221) for CHL, and
11.3% (25/221) for GEN in the three WWTPs (Table 1). Masarikova
et al. (2016) has shown that Salmonella strains had a high resistance

rate to TET (52%) and AMP (31%) in wastewaters and gulls. Ziech et al.
(2016) reported that resistance to TET, AMP, STP, and GEN, was ob-
served among Salmonella strains (91%, 45%, 19%, and 15%, respec-
tively) in broiler processing plants. It should be noted that a few Sal-
monella isolates were resistant to NOR (0.45%), CIP (0.9%), and CTX
(0.9%). In other study, authors found almost all Escherichia coli isolates
from wastewater were susceptible to NOR and CIP (Reinthaler et al.,
2003). The facts were similar to that of Salmonella isolates reported in
this study.

Among 221 Salmonella isolates, 124 isolates were antibiotic-re-
sistant, which could be divided into 22 kinds of resistance patterns
(Table 1). The highest proportion of resistance pattern was against both
tetracycline and sulfamethoxazole, named as TET/SMZ (phenotype),
which included 46 Salmonella isolates, and accounted for 20.8% (46/
221) of all isolates. Single antibiotic resistance pattern included TET-
resistant, AMP-resistant and STP-resistant, in which the most common
resistance pattern was against AMP (15 isolates), followed by TET (12
isolates), and STP (1 isolate). The most common multiple resistance
pattern was TET/SMZ/CHL/STP/AMP/GEN, which accounted for
18.5% (23/124) of all antibiotic-resistant Salmonella isolates.

3.2. ARGs and Class 1 integron in Salmonella isolates

The prevalence of ARGs in antibiotic resistant Salmonella isolates is
shown in Fig. 1. Among 105 TET-resistant Salmonella, tetA gene was
most frequently detected, and involved 85 isolates. Only 5 isolates
harbored tetB gene (Fig. 1a). The occurrence of both tetA gene and tetB
gene only occurred in one isolate (4.17%) of Salmonella resistance to
TET but no resistance to SMZ (Fig. 1a). Similarly, Ribeiro et al. (2011)
reported that no tetB gene was found in Salmonella strains isolated from
food sources. Comparatively, tetA and tetB genes related to the me-
chanism of efflux-pump proteins were widely detected in fecal coli-
forms from rivers and animal sources (Bryan et al., 2004; Zhang et al.,
2015). The sul1, sul2, and sul3 genes have emerged in Salmonella re-
sistance to SMZ (Fig. 1b and c). The distribution of sulfonamide re-
sistance genes in 81 TET/SMZ-resistant Salmonella isolates was: 46.9%
(38/81) for sul1 gene, 40.7% (33/81) for sul2 gene, and 67.9% (55/81)
for sul3 gene (Fig. 1c). These sulfonamide resistance genes coding

Table 1
Resistance patterns of Salmonella strains isolated from three WWTPs.

Resistance pattern Number of Salmonella

INF (n= 33) GRC (n= 31) ANT (n=39) ART (n= 38) SEF (n= 41) EAC (n= 39) Total (n= 221)

TET 2 1 5 2 1 1 12
AMP 1 7 1 3 1 2 15
STP 0 0 1 0 0 0 1
TET/SMZ 9 5 1 9 10 12 46
TET/STP 2 1 0 0 0 0 3
TET/AMP 0 1 0 0 0 1 2
TET/CTX 0 1 0 0 0 0 1
SMZ/AMP 0 1 0 0 0 0 1
TET/STP/AMP 2 0 0 0 1 0 3
TET/SMZ/CHL 0 0 1 0 0 0 1
TET/CHL/CIP 1 0 0 0 0 0 1
TET/SMZ/AMP 0 0 0 0 1 3 4
TET/CHL/STP 0 1 0 0 0 0 1
SMZ/CHL/AMP 0 0 0 1 0 0 1
SMZ/CHL/STP/AMP 0 0 0 0 1 0 1
TET/SMZ/STP/AMP 0 0 1 0 0 0 1
TET/SMZ/CHL/STP 0 0 2 0 0 0 2
TET/CHL/CTX/AMP 1 0 0 0 0 0 1
TET/SMZ/CHL/STP/GEN 0 0 1 0 0 0 1
TET/SMZ/CHL/STP/AMP 0 0 1 0 0 1 2
TET/SMZ/CHL/STP/AMP/GEN 0 0 5 1 5 12 23
TET/SMZ/CHL/CIP/NOR/AMP/GEN 0 1 0 0 0 0 1
Antibiotic-susceptible Salmonella 15 12 20 22 21 7 97

INF: Influent; GRC: Grit chamber; ANT: Anaerobic tank; ART: Aeration tank; SEF: Secondary effluent; EAC: Effluent after chlorination.
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dihydropteroate synthases were widely found among various bacterial
species including Enterobacter, Acinetobacter, Pseudomonas and Aero-
monas (Phuong Hoa et al., 2008; Rizzo et al., 2013).

Among the 81 Salmonella isolates with resistance to both TET and
SMZ, 87.6% isolates carried more than two different genes (Fig. 1c). For
all combinations of tetracycline resistance genes and sulfonamide re-
sistance genes, the tetA gene and sul3 gene combination was the largest
part, detected in 30 isolates (37.0%). 20 strains (24.7%) were involved
in the combination of tetA, sul1 and sul2 genes. 8 isolates (9.9%) were
positive for all tetA, sul1, sul2 and sul3 genes, which showed the most
number of ARGs carried by antibiotic-resistant Salmonella simulta-
neously (Fig. 1c). Only 4 single-TET resistant Salmonella and 2 TET/
SMZ-resistant Salmonella isolates showed no any tetracycline resistance
genes and sulfonamide resistance genes. However, due to the re-
lationship between antibiotic resistance phenotypes and ARGs, we
could deduce they might carry other tetracycline resistance genes (tetC,
tetD, tetM, tetW, tetO, tetQ and so on) with efflux-pump or ribosomal
protein resistance mechanism and other sulfonamide resistance genes
(sulA) (Makowska et al., 2016; Pei et al., 2006; Zhang et al., 2015).

About fifty seven percent (57.5%) of isolates were found harboring
Class 1 integron (Table 2). The percentage was even higher than the
21% reported from contaminated food and related food production
chain in china (Li et al., 2013) but lower than that (86.1%) of reported
from water, food, and clinical samples (Corrêa et al., 2014). 35.4% of
isolates were with Int1 gene cassette lacking the qacEΔ1-sul1 gene re-
lated to 3′-conserved segment (3′-CS) called as non-classic Class 1 in-
tegron, and only 22.1% (25/113) of isolates carried classic Class 1

integron with an intact basal structure including Int1 (5′-CS) and
qacEΔ1-sul1 (3′-CS) genes simultaneously (Table 2). High detection
frequencies of Class 1 integron were observed in double antibiotic-re-
sistant and MAR Salmonella, which were 94.3% and 85.7%, respectively
(Table 2). 60.7% MAR Salmonella harbored intact basal structure of
Class 1 integron (both Int1 gene and qacEΔ1-sul1 gene). However,
16.7% single antibiotic-resistant isolates and 14.3% double antibiotic-
resistant isolates contained relative intact Class 1 integron. Even, both
Int1 gene and qacEΔ1-sul1 gene were observed in only 4.5% susceptible
isolates.

3.3. Prevalence and fate of antibiotic resistance of Salmonella in WWTPs

Prevalence and transfer of antibiotic resistance of Salmonella in
municipal wastewater treatment system was an important issue in this
study. To illustrate it, the antibiotic resistance rates of Salmonella

Fig. 1. Prevalence (%) of ARGs in antibiotic resistant Salmonella isolates. (a) Single TET-resistant Salmonella, (b) Single SMZ-resistant Salmonella, (c) TET/SMZ-
resistant salmonella. ND: not detected.

Table 2
Percentage (%) of Class 1 integron in the Salmonella isolates.

strains Class 1 Int1+/qacEΔ1-sul1- Int1+/qacEΔ1-sul1+

Susceptible 11.4 6.8 4.5
Resistant to 1 50.0 33.3 16.7
Resistant to 2 94.3 80.0 14.3
MAR 85.7 25.0 60.7
Total 57.5 35.4 22.1

+: positive; -: negative.
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isolates through different treatment stages in the three plants were
compared as shown in Table S2.

From all stages of WWTP-A and WWTP-C, no Salmonella isolate
resistance to NOR, CTX, and CIP was found. And no more than 10%
Salmonella isolated from WWTP-B showed resistance to these anti-
biotics. We could believe that wastewater treatment process caused no
statistically significant changes in Salmonella resistance to NOR, CTX,
and CIP.

The resistance rates of Salmonella to TET, SMZ, STP, CHL, AMP, and
GEN decreased after aeration tank of AAO, but increased after anae-
robic tank and secondary effluent in WWTP-A and WWTP-C. For ex-
ample, the resistance rate of Salmonella to TET was 0%, 33.3%, 8.3%,
and 91.7% for influent, anaerobic tank, aeration tank and secondary
effluent in WWTP-A, respectively. On the contrary, the resistance rates
decreased noticeably after anaerobic tank and secondary effluent, but
increased after aeration tank in WWTP-B. Based on this observation it
was still difficult to make a conclusive statement on the effect of
anaerobic/aerobic process on the transfer and fate of antibiotic re-
sistance. Changes in resistance rates were also observed after aerobic
grit chamber. Discordant results might be attributed to different op-
eration parameters (hydraulic residence time and sludge residence
time) and complex microbial community in different WWTPs. Water
quality parameters can be other important factors affecting the change
in antibiotic resistance. Inoue et al. (2005) reported that water quality
parameters (e.g. pH, temperature, SS, COD) can influence the microbial
metabolism ability, and further disrupt or promote the transfer of an-
tibiotic resistance. Low temperature, high suspended solid and low
dissolved organic carbon have a negative impact on conjugative
plasmid transfer (Inoue et al., 2005; Verma et al., 2002), resulting in a
restrictive development of antibiotic resistance.

It is noteworthy that Salmonella isolated from effluent after chlor-
ination had higher resistance rates to antibiotics compared to those of
influent. Taking an example, any Salmonella isolates from influent of
WWTP-A did not show resistance to TET, but the TET-resistance rate of
Salmonella isolates from effluent after chlorination was up to 91.7%.
There were similar observations to SMZ (WWTP-A: from 0 to 83.3%;
WWTP-B: from 46.2% to 86.7%; WWTP-C: from 25% to 41.7%), and
AMP (WWTP-A: from 0 to 33.3%; WWTP-B: from 7.7% to 86.7%;
WWTP-C: from 16.7% to 41.7%). High resistance rates of Salmonella to
STP, CHL and GEN were also observed after chlorination at WWTP-B.
The results suggest a selective increase in antibiotic resistance of
Salmonella might occur at WWTPs. Furthermore, the TET, SMZ, CHL,
STP, AMP, and GEN resistance rates of Salmonella isolated from effluent
after chlorination had significant increase over before chlorination in
WWTP-B, which suggests chlorination may be an important factor in
the selective increase of ARB.

Antibiotic resistances of strains were closely related to their ARGs.
So the transport of ARGs was further explored. The detection rates of
ARGs carried by Salmonella isolates at each stage exhibited similar
change trends with that of the related antibiotic resistance rates (Table
S2). The detection rates of tetA, sul1 and sul2 genes carried by Salmo-
nella isolates from effluent after chlorination (WWTP-A：tetA, 83%;
sul1, 8.3%; sul2, 8.3%; WWTP-B：tetA, 86.7%; sul1, 86.7%; sul2,
86.7%) were higher than those of influent (WWTP-A：tetA, 0%; sul1,
0%; sul2, 0%; WWTP-B：tetA, 61.5%; sul1, 7.7%; sul2, 7.7%). No tetB
gene was detected in effluent after chlorination. The results suggested
that wastewater treatment process could affect the dissemination of
ARGs. ARGs have also been shown to proliferate through biological
treatment stages (Inoue et al., 2005; Rizzo et al., 2013), such as con-
ventional activated sludge, due to microbial growth.

Similarly, the detection rates of Class 1 integron in the secondary
effluent and effluent after chlorination were also higher than those of
influent (Table S2). In WWTP-B, the prevalence of integrons was high
up to 100% and 93.3% for Int1 and qacEΔ1-sul1 in effluent after
chlorination, respectively, which highlighted that Salmonella could
capture the mobile genetic elements in WWTPs. However, low

detection rate of Int1 (5.9%) was observed in secondary effluent. No
qacEΔ1-sul1 gene was detected in secondary effluent (Table S2). Shi
et al. (2013) also illustrated that chlorination resulted in the increase of
higher proportions of surviving bacteria resistant to trimethoprim,
chloramphenicol, and cephalothin. In fact, the similar phenomena were

Fig. 2. Principal component analysis (PCA) of antibiotic resistance rates of
Salmonella to 9 antibiotics in different stages of WWTPs. (a) WWTP-A, (b)
WWTP-B, (c) WWTP-C. . Group 1: high frequencies of resistance to TET and
SMZ; Group 2: moderate frequencies of resistance to AMP, CHL, GEN, and STP;
Group 3: low frequencies of resistance to NOR, CIP, and CTX.

C.-M. Zhang, et al. Journal of Environmental Management 251 (2019) 109547

5



also happened in other bacteria, Moura et al. (2007) indicated an in-
crease in frequency of Class 1-carrying strains of Enterobacteriaceae and
Aeromonads in final effluent. Therefore, we speculate that ARB carrying
ARGs and integrons are selectively enriched by chlorination. Previous
researches has indicated that sub-inhibitory concentrations of chlorine
could enhance frequency of ARGs transfer by increasing membrane
permeability, inducing more pilus, release of lactate dehydrogenase and
up-regulation of conjugation relevant genes (Guo et al., 2015; Zhang
et al., 2016).

To determine the cluster of antibiotic resistance phenotypes, PCA
was performed. PCA results indicated that TET and SMZ were separated
by the first principal component (PC1) (the loading value > 0.8),
while CHL, AMP and STP were separated by the second principal
component (PC2) in WWTP-A (Fig. 2a). In WWTP-C, the first cluster
was mainly composed by TET and SMZ in the right of PC1 and the
negative part of PC2 (Fig. 2c). The second group included GEN, CHL,
STP and MAR, where GEN was the dominant feature with a 0.67
loading. AMP was close to the second group. The cluster in WWTP-B
was similar with WWTP-A and WWTP-C except for an increasing group,
in which NOR, CTX and CIP separated by the PC2 (the loading
value > 0.8) (Fig. 2b).

Overall, the antibiotic resistance phenotypes in the three WWTPs
are grouped into 3 types. Group 1 included TET (47.5% of all isolates)
and SMZ (38%) at high frequencies of resistance with a low limiting
value of 35%. Pearson's correlation showed that TET resistance level
exhibited statistically significant relationships with SMZ resistance level
(p < 0.01; Table S3). The high resistance to TET and SMZ is expected
due to fact that TET and SMZ antibiotics as old generation antimicrobial
agents have been irrationally used in the treatment of infections in
animals and humans and also as growth promoters in livestock industry
for decades (Chopra and Roberts, 2001; Kümmerer, 2004). Antibiotics
are difficult to be biodegradable and persistent in WWTPs, becoming a
selective pressure to develop the resistance to old generation anti-
microbial agents (Ben et al., 2019; Kim et al., 2007). The moderate
resistance (Group 2) to AMP (25.3% of all isolates), CHL (15.4%), GEN
(11.3%), and STP (17.6%) was constantly associated with the MAR
phenotypes. Statistically significant correlations among AMP, CHL,
GEN, and STP resistances were observed (p < 0.01; Table S3). Our
study showed the co-presence of CHL, GEN, and STP resistance in MAR
Salmonella (Table 1). The broad-spectrum agents of AMP (inhibiting
bacterial cell wall synthesis), CHL, GEN and STP (inhibiting protein
synthesis) have been used over the years for bacterial infections (Bbosa
et al., 2014). The relatively low resistance to aminoglycosides (GEN and
STP) could be due to their restricted usage in therapy. The persistent
use of aminoglycosides could lead to the injury in kidney and hearing
(Titilawo et al., 2015). Group 3 is formed with NOR (0.45% of the
isolates), CIP (0.9%) and CTX (0.9%) at low frequencies of resistance
below a limiting value of 1%; no or low prevalence of Salmonella re-
sistance to NOR, CIP, and CTX was found in different stages at the three
WWTPs (Table S2). NOR resistance was positively associated with CIP
and CTX resistances (p < 0.01; Table S3). These antibiotics are rela-
tively new and primarily used as human medicines (Luczkiewicz et al.,
2010; Tao et al., 2010), it is not unexpected that isolated Salmonella
show scarcely resistance to NOR, CIP and CTX. According to our find-
ings, quinolones (NOR, CIP) and CTX antibiotics are potential drugs for
controlling or treating infection caused by Salmonella. Quinolones have
been recommended by World Health Organization as the drug of first
choice in treatment of human infections caused by Salmonella (Angulo
and Mølbak, 2005).

Fig. 3 shows the variation in detection rates of MAR Salmonella at
the different treatment stages of the three WWTPs. The result shows
that the detection rate of susceptible Salmonella (R0) was 45% in in-
fluent. A low detection rate of susceptible Salmonella (18%) was ob-
served after chlorination. The percentage of Salmonella resistance to
single antibiotic (R1) increased from influent to grit chamber, but
gradually decreased in anaerobic tank, aeration tank, secondary

effluent and effluent after chlorination. Salmonella resistance to five
(R5) or six antibiotics (R6) was not isolated from influent and grit
chamber, but detected after anaerobic tank. Salmonella resistance to
three (R3) or six antibiotics (R6) had an increasing trend from aeration
tank to effluent after chlorination. Overall, the results indicate a se-
lection for MAR Salmonella strains in the WWTPs assessed in this study
as shown in Fig. 3. Therefore, the water treatment processes may not
only promote the dissemination of resistance among Salmonella, but
also increase the health risks associated with MAR Salmonella. The
development of MAR Salmonella have been an increasing tendency and
inevitable in WWTPs.

3.4. Contribution of Class 1 integron to proliferation of resistance

In order to evaluate the role of Class 1 integron on the dissemination
of resistance in WWTPs, we attempted to analyze the correlations be-
tween Class 1 integron and multiple resistances. Antibiotic resistance
rates of Salmonella in the presence or absence of Int1 and qacEΔ1-sul1
genes are shown in Fig. 4. The Class 1 integron-carrying strains had a
higher antibiotic resistance rates compared to the strains which was
negative for Class 1 integron. For TET, SMZ, AMP, GEN, CHL and STP,
the resistance rates of Salmonella in Int1 gene-carrying strains were
more than 25%. The resistance rates of TET and SMZ in Int1 gene-
carrying strains were high up to 89.23% and 81.54%, respectively.
However, the resistance rates of Salmonella in integron-negative strains
were less than 20%. Salmonella harboring an intact basal structure in-
dicated high resistance rates to AMP (68%), GEN (52%), CHL (56%)

Fig. 3. Multiple antibiotic resistance of Salmonella isolated from three WWTPs.
R0, susceptible; R1, R2, R3, R4, R5, R6, R7: resistant to 1, 2, 3, 4, 5, 6, 7
antibiotics.

Fig. 4. Antibiotic resistance rates of Salmonella to 9 antibiotics in the presence
or absence of Int1 gene and qacEΔ1-sul1gene. +: positive; -: negative.
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and STP (60%) were associated with multiple resistances (Fig. 4). The
detection frequencies of Class 1 integron were higher in double anti-
biotic resistant and MAR Salmonella strains (94.3% and 85.7%, re-
spectively) than that in susceptible Salmonella strains (11.4%)
(Table 2), suggesting that resistance to multiple antibiotics was often
accompanied by the presence of Class 1 integron. We concluded that
Class 1 integron with a gene-capture system play a major role in the
dissemination of resistance especially for multiple resistances in the
WWTPs. The multiple transporters have been found in Salmonella
(Nishino et al., 2006), which is a major reason for co-resistance to
multiple antibiotics. The qacEΔ1 located on Class 1 integron have been
confirmed as a multiple transporter (Putman et al., 2000), promoting
the development of MAR Salmonella. However, a few antibiotic sus-
ceptible Salmonella (11.4%, 5/44) contained the Class 1 integron
(Table 2). The occurrence of Class 1 integron structure in these sus-
ceptible strains may continue to contribute to the dissemination of
antibiotic resistance.

To further investigate its possible relevance to ARGs, statistical
analysis was performed. A strong correlation between Int1 and tetA was
found in the present study (p < 0.01; Table 3). The qacEΔ1-sul1 cas-
sette had a strong positive relationship with sul1 and sul2 genes
(p < 0.01; Table 3). sul1 gene is the structure included in the 3′-CS of
the Class 1 integron. As pointed out by Leverstein-van Hall et al. (2002),
the co-occurrence of sul2 and Int1 was also observed in En-
terobacteriaceae, and sulfamethoxazole resistance can be used as an
indicator for the detection of integrons. Class 1 integron associated with
tetA, sul1 and sul2 genes could carry these genes to transfer among
Salmonella by bacterial conjugation，contributing to the higher per-
centages of tetA, sul1, and sul2 genes from effluents after chlorination
than from influents in WWTP-A and WWTP-B.

The proliferation of multiple resistances among Salmonella was ob-
served in WWTPs. Integrons are associated with ARGs and multiple
resistances. The exogenous ARGs can be captured and integrated as
gene cassettes to the variable region between 5′-CS and 3′-CS. Integrons
carrying aadA1, orfX, catB, oxa1, and dfrA1 gene cassettes (encoding
resistance to STP, GEN, CHL, AMP, trimethoprim, respectively) have
been found in Salmonella (Fluit, 2005; Masarikova et al., 2016). Hence,
integrons could play a major role in the development of multiple re-
sistances among bacteria by transferring various resistance genes si-
multaneously (Mazel, 2004; González-Plaza et al., 2019). WWTPs are
considered a mixing vessel for selection of MAR pathogens or horizontal
transfer of ARGs. It could be selected under the pressure of antibiotics,
heavy metals and disinfectants (Ben et al., 2019; Di Cesare et al., 2016;
Zhang et al., 2016), and be stimulated by microbial diversity and
abundant nutrients (Soda et al., 2008). The competition and coex-
istence among microbial community drive the genetic exchange co-
operating with integrons, and allow the transfer of ARB (Leverstein-van
Hall et al., 2002; Rizzo et al., 2013). The discharge of effluent from
WWTPs could be worrisome crises for the dissemination of MAR pa-
thogens such as Salmonella.

Prevention or reduction of the ARGs pollution becomes crucial in
WWTPs. In comparison with anaerobic–anoxic–oxic process, anox-
ic–anaerobic–oxic process could realize better ARGs reduction (Zhang

et al., 2018). Long-term low dissolved oxygen and high salinity may be
used as a practicable approach to control ARGs transmission in waste-
water treatment (Liu et al., 2018; Ma et al., 2018). A feasible suggestion
for effective inhibition of the conjugative transfer of ARGs by applica-
tion of free nitrous acid in wastewater was reported (Huang et al.,
2019). A few recent studies reported that advanced oxidation technol-
ogies including UV/Fenton, UV/chlorine, UV/H2O2 have been re-
commended to reduce ARGs before discharge of effluent (Hou et al.,
2019; Umar et al., 2019). Further efforts should be conducted to in-
vestigate how to optimize the system operating parameters to limit the
transmission of ARGs in WWTPs.

4. Conclusions

The results in our study indicated that the MAR Salmonella was
prevalent in the WWTPs. The high frequency of resistance was against
TET and SMZ (Group 1), followed by AMP, CHL, GEN and STP (Group
2: moderate resistance). The co-presence of CHL, GEN, and STP re-
sistance was observed in MAR Salmonella. Low prevalence of Salmonella
resistance to NOR, CIP and CTX was found in the three WWTPs. tetA
gene were the most frequently (81%) detected in 105 TET-resistant
Salmonella isolates. Genes sul1, sul2 and sul3 were commonly detected
in SMZ-resistant Salmonella. The highest proportions of antibiotic re-
sistance, ARGs and integrons were observed in effluent after chlorina-
tion compared to those of influents. The detection frequencies of Class 1
integron were higher in double antibiotic resistant and MAR Salmonella
strains (94.3% and 85.7%, respectively) than that in susceptible
Salmonella strains (11.4%). The qacEΔ1-sul1 cassette was associated
with sul1 gene, sul2 gene, and multiple resistances. Int1 cassette was
associated with tetA gene and multiple resistances. Emergence and
spread of MAR Salmonella in WWTPs is becoming a worrisome problem.
Integrons contributed to the proliferation of multiple resistances in
Salmonella. Further efforts are needed to limit the transmission of
multiple resistances through optimized operating parameters in
WWTPs.
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